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Oral bacterial biofilms are highly complex microbial communities with up to 700 different bacterial taxa. We report here the use
of metatranscriptomic analysis to study patterns of community gene expression in a multispecies biofilm model composed of
species found in healthy oral biofilms (Actinomyces naeslundii, Lactobacillus casei, Streptococcus mitis, Veillonella parvula, and
Fusobacterium nucleatum) and the same biofilm plus the periodontopathogens Porphyromonas gingivalis and Aggregatibacter
actinomycetemcomitans. The presence of the periodontopathogens altered patterns in gene expression, and data indicate that
transcription of protein-encoding genes and small noncoding RNAs is stimulated. In the healthy biofilm hypothetical proteins,
transporters and transcriptional regulators were upregulated while chaperones and cell division proteins were downregulated.
However, when the pathogens were present, chaperones were highly upregulated, probably due to increased levels of stress. We
also observed a significant upregulation of ABC transport systems and putative transposases. Changes in Clusters of Ortholo-
gous Groups functional categories as well as gene set enrichment analysis based on Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways showed that in the absence of pathogens, only sets of proteins related to transport and secondary metabolism
were upregulated, while in the presence of pathogens, proteins related to growth and division as well as a large portion of tran-
scription factors were upregulated. Finally, we identified several small noncoding RNAs whose predicted targets were genes dif-
ferentially expressed in the open reading frame libraries. These results show the importance of pathogens controlling gene ex-
pression of a healthy oral community and the usefulness of metatranscriptomic techniques to study gene expression profiles in
complex microbial community models.

Biofilms growing in the oral cavity are among the most complex
microbial communities in the human body, with more than

700 bacterial taxa identified so far (59). Many of the species are
noncultivable organisms whose only information we possess de-
rives from their 16S rRNA phylogenetic affiliation (58, 59). Oral
biofilms show all of the characteristic features of biofilm architec-
ture, yet are distinct in that they consist of a high density of cells
and the array of species have specific cell-cell interactions that lead
to the development of these communities (36, 48). Moreover,
dental biofilms form in a well-defined pattern with a highly com-
plex spatial organization (36, 83). The first step in dental plaque
formation builds on the abiotic coating of the tooth surface by a
pellicle of salivary proteins that precondition the enamel to be
colonized by a first group of bacteria which are primarily Gram-
positive cocci (streptococcal species). During the next stage of
development, Fusobacterium species attach to the streptococci and
serve as a bridge to the third set of organisms, which are predom-
inantly Gram-negative anaerobes (37). However, in situ studies of
initial enamel colonization present a more complex scenario. Al-
though there are variations from individual to individual, in
general, between 4 and 8 h from the initiation of colonization,
communities are dominated by Streptococcus spp. (11, 16).
Other frequently observed genera were Actinomyces and Veil-
lonella (1, 16).

The nature of these interactions is partially driven by coaggre-
gation, cell-to-cell specific recognition of genetically distinct cell
types, and these specific interactions play a critical role in biofilm
architecture (18, 23, 36). The stability of this biofilm depends on
changes in environmental factors, as well as on interspecies com-
munication (e.g., quorum-sensing signaling) that modulates the
stability and composition of the biofilm (50, 63, 73). Microbial
cell-cell interactions in the oral flora are believed to play an inte-

gral role in the development of dental plaque and, ultimately, its
pathogenicity (41).

Although mature, healthy biofilms are resilient structures, due
to factors not completely understood, they can progress toward
polymicrobial infections, with a coordinate action of the biofilm
leading to pathogenesis. The pathogenic biofilm causes a progres-
sive loss of bone surrounding the teeth, which, if left untreated,
results in loosening and eventual loss of the teeth (2, 8). The oral
biofilm undergoes a change in composition from healthy to the
most severe forms of periodontitis. Thus, periodontal health is the
result of a dynamic equilibrium between the microbial flora and
the host, characterized by minimal inflammatory episodes. Mi-
crobial interactions play a critical role in the evolution of the dis-
ease. Besides coaggregation, competition for nutrients and syner-
gistic interactions are crucial in the development of the oral
biofilm (26, 38). For example, Porphyromonas gingivalis, a major
periodontal pathogen, metabolizes succinate produced by Trepo-
nema denticola, while T. denticola uses isobutyric acid secreted by
P. gingivalis (21).

High complexity of dental plaque and variability among indi-
viduals make reproducing and interpreting in vivo studies of oral
biofilms difficult. To overcome problems associated with in vivo
studies, a large number of different laboratory model systems,
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which are more controllable, have been developed (18, 22, 70, 74).
Most model systems are based on flow cells (18) or chemostats
with removable inserts, providing a surface for biofilm formation
(34). However, the use of these devices with a multispecies biofilm
model is difficult to maintain during long periods of time and is
cumbersome to construct (22). Hence, some authors have opted
for using static systems that simplify the setup and manipulation
of the oral biofilm model (22, 39, 64).

Techniques like quantitative PCR (qPCR) can be used to quan-
tify gene expression in natural samples, although this technique is
typically limited to analyzing a small number of known genes.
Other techniques, such as microarray analysis (78) or proteomic
analysis (80), have been restricted to the analysis of expression
profiles of one organism. In general, most expression analysis
studies have been performed on monospecies biofilms under dif-
ferent laboratory conditions trying to mimic environmental con-
ditions (45, 52, 80).

Probably the most important limiting factor to study gene ex-
pression in complex microbial communities is the small amount
of biomass either from plaque samples or in vitro biofilms. More-
over, the half-life of prokaryotic mRNA is short (3, 65), and
mRNA in bacteria and archaea usually comprises only a small
fraction of total RNA. To overcome these challenges, several ap-
proaches have been recently developed. rRNA subtraction has
been used in combination with randomly primed reverse tran-
scription-PCR (RT-PCR) to generate microbial community
cDNA for cloning and downstream sequence analysis (61). We
have applied a method based on linear amplification of the mRNA
that allows for evaluation of gene expression in the whole micro-
bial community from small amounts of RNA in environmental
samples (19). The use of next-generation sequencing has substan-
tially widened the scope of metagenomic analysis of environmen-
tally derived samples and, in our case, has facilitated the study of
transcriptome analysis of complex microbial communities.

Here we report the use of an oral biofilm model growing on
hydroxyapatite disks to study gene expression patterns of the
whole microbial community in situ and the effect of the presence
of periodontal pathogens on the healthy community. Two differ-
ent multispecies biofilms based on McKee et al. (49) were studied,
one with 5 of the most abundant and frequently found species in
dental plaque from healthy individuals (Actinomyces naeslundii,
Lactobacillus casei, Streptococcus mitis, Veillonella parvula, and Fu-
sobacterium nucleatum) (6, 58, 81) and the other with those same
species plus two of the most important periodontopathogens:
Porphyromonas gingivalis and Aggregatibacter (formerly Actinoba-
cillus) actinomycetemcomitans. We wanted to asses whether the
presence of periodontopathogens has any effect on a healthy, al-
ready established biofilm. The use of next-generation sequencing
technologies was invaluable to obtain a deeper coverage and un-
derstanding of the complex metatranscriptome resulting from the
multispecies community.

MATERIALS AND METHODS
Bacterial strains and culture conditions. The species used in the study
were A. naeslundii (MG1), L. casei (ATCC 334), S. mitis (ATCC 49456), V.
parvula (ATCC 17745), and F. nucleatum (ATCC 10953). In the patho-
genic biofilm, we used these same previously cited species plus the peri-
odontopathogens P. gingivalis (ATCC 33277) and A. actinomycetemcomi-
tans (ATCC 33384). Strains were grown under anaerobic conditions at
37°C for 72 h in a Coy anaerobic chamber on brain heart infusion agar

(Difco) plates supplemented with 5% horse blood (Northeastern Labora-
tory, ME), 1 �g/ml hemin, and 1 �g/ml of vitamin K.

Biofilm growth. Biofilms were grown on sterile hydroxyapatite disks
of 7 mm by 1.8 mm (Clarkson Inc.) placed into each well of a 24-well cell
culture plate (Nalgene Nunc International, Denmark). Wells were filled
with 1 ml of the mucin growth medium (MGM), used by Kinniment et al.
(34), which presents a high concentration of proteins, and supplemented
with 4 ml of resazurin from a 25-mg/100-ml solution, 1 �g/ml hemin, and
1 �g/ml of vitamin K. pH was adjusted to 7.4 prior to autoclaving. In order
to form the acquired pellicle, the disks were allowed to stay at least 60 h in
contact with the medium under anaerobic conditions prior to inocula-
tion. This period of preincubation allowed us to check for possible con-
tamination as well. Each of the strains grown on agar were resuspended in
MGM until the suspension reached a turbidity of a McFarland standard of
3 (approximately 108 CFU/ml). Finally, 1 ml of each bacterial suspension
was mixed and 50 �l of this suspension was added into each hydroxy-
apatite disk-containing well that contained 3 ml of MGM. Plates were
incubated under anaerobic conditions at 37°C. After 24 h, disks were used
for analysis. For each condition (healthy and pathogenic biofilms), we
used 6 hydroxyapatite disks with their corresponding planktonic phase.
All of them were combined before nucleic acid extraction.

For the pathogenic biofilm, the periodontopathogens P. gingivalis
(ATCC 33277) and A. actinomycetemcomitans (ATCC 33384) were added
to the biofilm after 24 h and incubated for another 6 h. The inocula were
obtained as described above, and each of the strains grown on agar was
resuspended in MGM until reaching a turbidity of a McFarland standard
of 3 (approximately 108 CFU/ml). One milliliter of each bacterial suspen-
sion was mixed, and 50 �l of this suspension was added into each hy-
droxyapatite disk-containing well. To follow the development and detect
the presence of the different bacteria in the biofilm, DNA was extracted
following the protocol proposed for the ToTALLY RNA kit (Applied Bio-
systems).

DNA and RNA extraction. Samples for the biofilms were immediately
transferred to screw-cap tubes containing the lysis buffer and bead beaten
for 1 min at maximum speed. Planktonic phase was recovered by centrif-
ugation at 14,000 � g and analyzed in parallel. DNA and RNA were ex-
tracted simultaneously following the protocol of the mirVana miRNA
isolation kit for RNA and the ToTALLY RNA kit (Applied Biosystems,
Ambion) for DNA. For RNA analysis, genomic DNA was removed using
a Turbo DNA-free kit (Applied Biosystems, Ambion).

qPCR. qPCR was performed to quantify the different bacteria in the
biofilm as described by Frias-Lopez et al. (19). Additionally, concentra-
tions of different bacteria in the planktonic phase (control) were also
assessed. Specific primers for qPCR were designed using PerlPrimer
against genes with a single copy in each of the genomes (Table 1). To
quantify the number of genome copies, standards of the different bacteria
were labeled with acridine orange (75) and counted under a fluorescence
microscope to assess bacterial concentration. DNA was extracted as de-
scribed above.

Doubling time was calculated using the following formula: td �
(t2�t1) � log (2)/log(q2/q1), where q2 represents the final number of cells,
q1 represents the initial number of cells added, and (t2�t1) represents the
interval of incubation. Statistical differences in doubling time were as-
sessed using the exact Wilcoxon rank sum test in R (http://www.r-project
.org/).

RNA amplification and Illumina sequencing. Prior to amplification,
rRNA was remove using the MICROBExpress kit from Ambion (Applied
Biosystems) according to the manufacturer’s instructions. RNA amplifi-
cation was performed on 100 ng of total RNA using the MessageAmp
II-bacteria kit (Applied Biosystems) by following the manufacturer’s in-
structions. Sequencing was performed at the Biopolymers Facility at Har-
vard Medical School. The samples were prepped using the NuGen
mRNA-Seq kit into next-generation libraries with Illumina adapters. The
libraries were then checked for quality control via the bioanalyzer to en-
sure correct sizing and then run on a qPCR assay, which will only amplify
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library fragments with the Illumina adapters correctly ligated. The librar-
ies are then clustered on a single-read flow-cell using the Illumina cBot,
and then the sequencing was run for 72 cycles using an Illumina GAII
sequencer.

Bioinformatic selection of intergenic regions (IGRs) from genomes.
Genomes were downloaded from the HOMD database server (http:
//www.homd.org/). IGRs were extracted using the open reading frame
(ORF) coordinates from the corresponding .ppt files of the different ge-
nomes. A Perl script writing for this purpose extracted IGRs with a 5-bp
overlap over the adjacent ORFs on both the 3= and 5= ends. For further
analysis, we selected for only IGRs larger than 50 bp.

Short read sequence alignment and bioinformatic analysis of the
results. Trimmed non-rRNA cDNA reads from the species in the biofilm
and planktonic phases were searched against the databases of their own
genomes using three different algorithms, i.e., SSAHA2 (55), BLAT (31),
and MegaBLAST (82), and assigned to the best-hit gene. The process was
sequential: first reads were searched using SSAHA2, the nonassigned reads
were then searched using BLAT, and, finally, the nonassigned reads left
were searched using MegaBLAST. The same procedure was initially used
to remove rRNA sequences.

SSAHA2 options were ssaha2-solexa, -skip 2, -diff 0, -kmer 13, -disk 1,
-output psl; BLAT options were the default for the program; and Mega-
BLAST options were megablast-d DB, -i �input�, -n T, -m8, -o �out-
put�, -v1, -b1, -a2 for rRNA analysis and megablast-d DB, -i �input�, -n
T, -m8, -o �output�, -e 1e-5, -W 35, -v1, -b1, -a8 for ORF and IGR
analysis.

For testing the accuracy of the different algorithms in our database, we
split the genomes of the organisms in the community into fragments of 80
bp using the “splitter” function from EMBOSS with an overlap of 10 bp
and add overlapping to size.

Normalization of raw results was performed by scaling to library size,
and only genes with matches in the biofilm and planktonic phase were
used for analysis. We used a cutoff value of at least an 8-fold difference in
gene expression to be considered significant.

RT-qPCR confirmation of gene expression for specific genes. All RT-
qPCR measurements were performed in triplicate. Fifty nanograms of
RNA, in all cases, were subjected to RT-qPCR using an iCycler 584BR
(Bio-Rad Laboratories) with iScript one-step RT-PCR kit with SYBR
green (Bio-Rad Laboratories). cDNA synthesis and PCR amplification
were carried out in the same tube. PCR conditions included 10 min at
50°C for cDNA synthesis, followed by denaturation at 95°C for 5 min, and
then 55 cycles of 95°C for 10 s, 60°C for 30 s minute, and 72°C for 30 s,
followed by melting curve analysis. Fluorescence data were captured dur-
ing annealing reactions, and specificity of the amplification was confirmed
using melting curve analysis. Data were collected and recorded by iCycler
iQ software (Bio-Rad Laboratories) and initially determined as a function
of threshold cycle (CT). CT was defined as the cycle at which the fluores-
cence intensity in a given reaction tube rose above background, which was
calculated as 10 times the mean standard deviation (SD) of fluorescence in
all wells over the baseline cycles. Levels of increased 16S RNA copies were
expressed relative to control levels, calculated as 2��(CTexp � CTcontrol).
Primers are listed in Table 1.

COGs classification. Orthologous genes were classified by Clusters of
Orthologous Groups (COGs) functional category (http://www.ncbi.nlm
.nih.gov/COG/grace/fiew.cgi) according to their assignment in the COGs
database. If a protein had more than one COGs category, all were used.
Later we calculated the frequencies of the different functional categories in
the healthy and pathogenic biofilms. To assess enrichment of certain func-
tional categories, we calculated the ratio of frequencies for healthy versus
pathogenic biofilm and vice versa.

Gene set enrichment analysis. A parametric analysis of gene set en-
richment (PAGE) (33) was performed to detect groups of genes and path-
ways that were differentially expressed during biofilm formation. PAGE
analysis was performed based on sets of genes selected for the present
work based on the Kyoto Encyclopedia of Genes and Genomes (KEGG)T

A
B

LE
1

B
ac

te
ri

al
st

ra
in

s
an

d
pr

im
er

s
u

se
d

in
th

e
st

u
dy

B
ac

te
ri

al
st

ra
in

or
R

T
-q

P
C

R
pr

im
er

Fo
rw

ar
d

pr
im

er
5=

–3
=

R
ev

er
se

pr
im

er
5=

–3
=

T
ar

ge
t

ge
n

e
(s

ou
rc

e
or

re
fe

re
n

ce
)

B
ac

te
ri

al
st

ra
in

s
A

ct
in

om
yc

es
na

es
lu

nd
ii

(M
G

1)
G

A
G

A
A

G
A

A
C

T
C

C
C

T
A

T
C

C
A

T
A

C
C

C
T

T
C

A
T

G
G

G
T

T
G

G
G

A
T

T
T

C
C

T
T

ar
ge

t
is

fim
A

ge
n

e,
a

fi
m

br
ia

lp
ro

te
in

(t
h

is
w

or
k)

Fu
so

ba
ct

er
iu

m
nu

cl
ea

tu
m

(A
T

C
C

10
95

3)
C

T
T

A
T

A
C

A
T

A
G

A
G

G
A

C
A

C
A

G
A

C
T

T
T

C
C

A
A

C
A

A
C

A
T

C
T

C
C

C
T

G
H

pr
K

ge
n

e
(3

0)
h

om
ol

og
u

e
of

H
P

r
ki

n
as

e/
ph

os
ph

or
yl

as
e

(t
h

is
w

or
k)

La
ct

ob
ac

ill
us

ca
se

i(
A

T
C

C
33

4)
T

G
A

A
T

A
T

T
T

A
C

A
C

G
G

T
T

C
G

G
C

A
G

G
G

C
C

T
T

A
G

T
T

T
C

A
T

C
C

G
A

C
T

ar
ge

t
is

th
e

ph
os

ph
og

lu
co

m
u

ta
se

ge
n

e
(1

0)
(t

h
is

w
or

k)
St

re
pt

oc
oc

cu
s

m
it

is
(N

C
T

C
12

26
1,

A
T

C
C

49
45

6)
C

G
T

A
T

C
G

G
T

C
G

T
C

T
T

G
C

T
T

T
G

C
A

T
A

A
C

T
G

G
A

T
C

T
G

T
A

A
G

G
T

C
T

ar
ge

t
is

th
e

gl
yc

er
al

de
h

yd
e-

3-
ph

os
ph

at
e

ge
n

e
(t

h
is

w
or

k)
V

ei
llo

ne
lla

pa
rv

ul
a

(A
T

C
C

17
74

5)
A

C
A

G
T

T
A

C
T

T
T

A
T

A
G

T
C

T
G

T
A

C
C

T
G

G
T

C
A

A
T

T
G

G
C

T
A

A
A

C
G

T
C

A
A

T
ar

ge
t

is
th

e
ch

ap
er

on
e

dn
aK

ge
n

e
(2

9)
(t

h
is

w
or

k)
A

gg
re

ga
ti

ba
ct

er
ac

ti
no

m
yc

et
em

co
m

it
an

s
(H

K
16

51
)

A
C

G
C

A
G

A
C

G
A

T
T

G
A

C
T

G
A

A
T

T
T

A
A

G
A

T
C

T
T

C
A

C
A

G
C

T
A

T
A

T
G

G
C

A
G

C
T

A
T

ar
ge

t
is

lk
tC

ge
n

e
pa

rt
of

th
e

le
u

ko
to

xi
n

op
er

on
lk

tB
A

C
(5

4)
P

or
ph

yr
om

on
as

gi
ng

iv
al

is
(A

T
C

C
33

27
7)

C
C

T
A

C
G

T
G

T
A

C
G

G
A

C
A

G
A

G
C

T
A

T
A

A
G

G
A

T
C

G
C

T
C

A
G

C
G

T
A

G
C

A
T

T
T

ar
ge

t
is

th
e

A
rg

-g
in

gi
pa

in
ge

n
e

(5
4)

R
T

-q
P

C
R

pr
im

er
s

U
n

iv
er

sa
l

C
G

C
T

A
G

T
A

A
T

C
G

T
G

G
A

T
C

A
G

A
A

T
G

T
G

T
G

A
C

G
G

G
C

G
G

T
G

T
G

T
A

16
S

rR
N

A
(7

9)
A

ct
in

om
yc

es
na

es
lu

nd
ii

(M
G

1)
A

T
C

T
C

C
A

A
G

G
T

T
C

T
G

C
A

C
G

A
C

G
A

G
T

A
A

T
G

T
T

G
A

T
G

G
T

G
A

T
A

C
C

G
C

G
C

T
G

A
A

N
A

_0
02

2
(t

h
is

w
or

k)
A

gg
re

ga
ti

ba
ct

er
ac

ti
no

m
yc

et
em

co
m

it
an

s
(H

K
16

51
)

A
A

G
A

A
C

T
T

A
A

C
G

C
T

T
G

G
G

C
G

A
T

G
C

T
A

A
C

G
C

T
T

C
T

T
G

T
G

C
A

A
C

A
C

T
G

G
C

A
A

00
47

0
(t

h
is

w
or

k)
V

ei
llo

ne
lla

pa
rv

ul
a

(A
T

C
C

17
74

5)
A

A
A

G
C

C
T

T
G

G
G

C
C

A
T

T
C

T
C

T
G

T
T

G
C

C
A

A
G

G
C

C
T

C
T

T
G

T
T

C
T

T
G

C
A

T
C

A
H

M
P

R
E

F1
03

5_
10

04
(t

h
is

w
or

k)
P

or
ph

yr
om

on
as

gi
ng

iv
al

is
(A

T
C

C
33

27
7)

A
G

A
A

A
G

C
C

A
G

C
C

A
T

T
G

T
T

G
C

A
T

G
G

T
G

T
T

C
G

G
G

A
C

A
C

C
T

G
A

C
T

G
T

T
C

A
T

P
G

N
_0

07
4

(t
h

is
w

or
k)

Frias-Lopez and Duran-Pinedo

2084 jb.asm.org Journal of Bacteriology

http://jb.asm.org


orthology classification of proteins (http://www.genome.jp/kegg/). Be-
fore performing PAGE analysis, we assessed the normal distribution of the
results using Q-Q normal plots in R. KEGG numbers were obtained either
from genome information at NCBI or by using the KEGG automatic
annotation server (KAAS) (http://www.genome.jp/tools/kaas/).

Prediction of possible interactions between IGRs and genomic
DNA. To predict potential targets for the differentially expressed IGRs, we
used the stand-alone version of IntaRNA (9), which predicts interactions
between two bacterial RNA molecules. Overexpressed IGRs were used as
input, and the respective genomes of the bacteria used in the experiments
were the target sequences. The running conditions were the default except
that window size was adjusted to the minimum sequence size in the re-
spective genomes and only output results with an energy below �15 kcal/
mol were considered.

RESULTS
Biofilm species composition. We first verified the presence of all
of the bacteria in the biofilm and examined their relative amounts
on the hydroxyapatite (HA) disks used as a biofilm support in our
experiments. qPCR analysis of each species in the biofilm was used
to calculate their abundance (see Table S1 in the supplemental
material). In the case of the pathogenic biofilm, after 24 h of in-
cubation of a biofilm consisting of the species associated with
health, 2 pathogens were added (P. gingivalis and A. actinomyce-
temcomitans) and the biofilm was incubated for an additional pe-
riod of 6 h under anaerobic conditions. Table S1 summarizes the
doubling times of the different strains growing in the biofilm and
the supernatant. In general, estimates of generation times for cells
on the biofilm were shorter than for the planktonic phase (see
Table S1). The doubling times in the supernatant ranged from
1.56 to 3.03, while in the biofilm they were less variable, ranging
from 0.92 to 1.38. Except for the planktonic phase of Veillonella
parvula and Streptococcus mitis, there were no major differences in
growth rate after addition of the pathogens. Therefore, changes in
the expression patterns in the biofilm should not be attributed to
changes in growth rate when the pathogens were present.

Effect of periodontopathogens in the metatranscriptome of a
healthy biofilm. Oral biofilms (dental plaque) play a major role in
the development of periodontal disease, hence the interest in char-
acterizing specific patterns of gene expression associated with the
establishment of dental plaque. In this section we compare the
expression profiles of the biofilms (healthy and pathogenic) versus
their corresponding planktonic phases.

Given the novelty of using next-generation sequencing tech-
niques for this kind of analysis, the first step was to confirm that 80
bp (average size of the sequences obtained by Illumina sequencing
in the experiments) was enough to distinguish between the tran-
scripts from the different species used in our biofilms. BLAST
analysis of 80-bp fragments created from the genomes of the or-
ganisms used in the biofilms showed that the BLAST results

against our database matched the expected origin of the organisms
in 100% of cases.

Most sequences identified in the actual results from our exper-
iment were rRNA, and a large fraction of genes was being ex-
pressed at any given time (Table 2). Independently of the total
number of sequences, we observed that between 38% and 66% of
all ORFs in the metagenome were being expressed at any given
time. The number of IGRs expressed at any given time was lower,
ranging from 9% to 25% of the total number of IGRs in the met-
agenome. However, the lower value (9%) could be due to the fact
that the number of total sequences in this fraction was also low
(203,215 hits) and we may not have reached saturation (Table 2).

In our analysis, we took a conservative approach and we only
considered ORFs or IGRs whose matches appeared in both frac-
tions (biofilm and planktonic phase) and were up- or downregu-
lated more than an 8-fold difference. We confirmed the differ-
ences in expression in the libraries by RT-qPCR. We selected 4
genes that were highly expressed in our libraries and performed
RT-qPCR from 3 individual disks that were treated as in the orig-
inal experiment, but this time, we did not mix them to extract the
RNA. Figure S1 in the supplemental material shows the results of
the RT-qPCR, and the 4 genes showed upregulation in the biofilm
fraction. Moreover, the standard deviation of the 3 biological rep-
licates was very low.

We added the two periodontal pathogens P. gingivalis and A.
actinomycetemcomitans to create a pathogenic biofilm and then
compared biofilm levels of expression against the corresponding
planktonic phase levels with and without pathogens. Our first ob-
servation was a change in the metabolism of the healthy compo-
nents of the biofilm compared to the planktonic phase (Fig. 1).
The list of upregulated genes was much larger than in the case of
the healthy biofilm by itself (see Tables S2 and S3 in the supple-
mental material). Likewise, a similar change was observed in the
profiles of expression of the IGRs (see Fig. S2 in the supplemental
material). The whole community seems to undergo a change in
both regulation and metabolism when new organisms are incor-
porated to the biofilm.

There were genes up- and downregulated in the biofilm frac-
tion independent of whether it was a healthy or a pathogenic bio-
film. We observed certain commonalities in the levels of expres-
sion of these genes independent of whether the pathogens were
present or not (Table 3), which in the case of upregulated genes
may represent a subset of key proteins to the maintenance of the
biofilm. Among those there were genes related to multidrug resis-
tance efflux pump (FNP_0510 and FNP_0890) and lipid
biosynthesis (LSEI_2119 and LSEI_2111). We also identified tran-
scription factors that are involved in controlling diverse physio-
logical processes (ANA_0022 and HMPREF1035_1004).

TABLE 2 Number of different ORFs and IGRs identified in the experimentsa

Characteristic

No. of
rRNA hits,
biofilms

Total no.
of hits,
biofilm
ORFs

Total no. of
hits,
supernatant
ORFs

No. of
unique
ORFs
identified,
biofilm

No. of
unique
ORFs
identified

Total no. of
unique
ORFs in the
community

No. of
rRNA hits,
supernatant

Total no.
of hits,
biofilm
IGRs

Total no. of
hits,
supernatant
IGRs

No. of
unique IGRs
identified,
biofilm

No. of
unique IGRs
identified,
supernatant

Total no. of
unique
IGRs in the
community

Healthy 5,157,293 1,331,097 593,118 7,982 (66%) 7,520 (62%) 12,054 11,649,872 765,970 452,726 2,146 (24%) 2,236 (25%) 8,919
Pathogenic 14,025,715 578,919 744,494 6,923 (38%) 9,714 (53%) 18,146 21,036,949 203,215 826,255 1,122 (9%) 2,247 (18%) 12,318

a rRNA sequences were discarded from the final analysis. We present the results for protein-coding ORFs and small noncoding RNA IGRs. In parentheses, the fraction of ORFs or
IGRs that were identified when compared with the total number in the metagenome.
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FIG 1 Expression profile of the ORFs comparing biofilm and free-living bacteria gene expression in healthy and pathogenic biofilms. A line at �3 and �3 shows the
cutoff selected for the experiments (8-fold difference). In red are the genes whose ratios of gene expression were higher than 3 in the biofilm versus planktonic phase. In
dark blue (bottom of the graph) are the genes whose ratios of gene expression were lower than �3 in the biofilm versus planktonic phase (were upregulated in the
planktonic phase).
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TABLE 3 Common changes in ORFs up- and downregulated in both biofilms: healthy and pathogenica

Organism and ORF tag
Healthy �log 2
expression

Pathogenic �log 2
expression Function

Upregulated ORFs
Actinomyces naeslundii

ANA_0022 4.06 4.17 Translation elongation factor Tu (tuf)
ANA_1497 3.75 6.19 DNA-directed RNA polymerase, beta subunit (rpoB)
ANA_1963 3.72 4.27 65-K antigen mbaA (GROEL2)
ANA_1419 3.54 6.89 2-Oxoglutarate dehydrogenase E1 component (sucA)

Fusobacterium nucleatum
FNP_0239 4.30 3.19 Possible transposase
FNP_0510 4.03 3.68 Possible AcrR family transcriptional regulator
FNP_0890 3.60 3.38 MOP/MATE family multidrug resistance efflux pump NorM

Fusobacterium nucleatum plasmid
FNP_PFN3G07 3.66 5.64 Relaxase

Lactobacillus casei
LSEI_0981 3.54 5.08 Pseudogene
LSEI_2119 3.40 3.54 3-Oxoacyl-(acyl-carrier-protein) synthase III
LSEI_2111 3.06 3.40 Biotin carboxylase

Streptococcus mitis
SM12261_0414 3.66 5.95 Oxidoreductase, short chain dehydrogenase/reductase family

Veillonella parvula
HMPREF1035_1004 6.49 5.54 LysR substrate binding domain protein
HMPREF1035_0421 4.47 3.85 Putative cobaltochelatase, CobN subunit
HMPREF1035_0817 3.47 3.56 Conserved hypothetical protein
HMPREF1035_1551 3.30 4.85 VanW-like protein
HMPREF1035_0824 3.08 3.01 Conserved domain protein
HMPREF1035_1988 3.08 3.27 Monogalactosyldiacylglycerol synthase, C-terminal domain protein

Downregulated ORFs
Fusobacterium nucleatum

FNP_1258 �3.45 �3.36 Heat shock protein DnaK (Hsp70)
FNP_1297 �3.41 �6.50 2-Nitropropane dioxygenase
FNP_1442 �3.04 �3.07 Rod shape-determining protein
FNP_2009 �3.28 �3.32 GTP-binding protein
FNP_2257 �3.81 �3.96 O-antigen GlcNac transferase
FNP_2288 �3.84 �7.03 Peroxiredoxin
FNP_2427 �4.92 �3.90 Phenylalanine-tRNA ligase

Lactobacillus casei
LSEI_1093 �3.20 �4.17 UDP-glucose pyrophosphorylase; K00963 UTP-glucose-1-phosphate

uridylyltransferase (EC 2.7.7.9)
LSEI_1114 �3.70 �3.12 Cold shock protein; K03704 cold shock protein (beta-ribbon, CspA family)
LSEI_1193 �4.64 �3.06 Hypothetical protein
LSEI_1520 �3.28 �3.87 GatB/YqeY domain-containing protein; K09117 hypothetical protein
LSEI_1674 �4.33 �3.08 HD superfamily hydrolase; K06950

Streptococcus mitis
SM12261_0064 �3.65 �6.50 LysM domain protein
SM12261_0263 �3.18 �5.34 DAK2 domain protein
SM12261_0668 �3.58 �4.33 Ribosomal protein L31
SM12261_0714 �3.54 �3.27 Membrane protein, putative
SM12261_0796 �5.42 �3.56 ABC transporter, ATP-binding protein
SM12261_0815 �3.20 �5.31 Triosephosphate isomerase
SM12261_0883 �3.38 �3.84 DNA-directed RNA polymerase, omega subunit, putative
SM12261_1004 �4.41 �3.40 Chaperonin, 60 kDa
SM12261_1191 �5.29 �3.58 Pneumococcal surface protein A
SM12261_1192 �5.05 �3.04 Pneumococcal surface protein A
SM12261_1195 �4.34 �5.42 Ribosomal protein S9
SM12261_1249 �3.06 �3.55 Ribosomal protein S2
SM12261_1274 �3.62 �3.32 Putative TIM-barrel protein, nifR3 family subfamily
SM12261_1397 �4.77 �4.60 PspC domain family
SM12261_1517 �3.51 �4.45 Phosphomevalonate kinase

a These are genes that were up- or downregulated more than 3� log 2 in both experiments. The numeric values show the log 2 level of up- or downregulation in both cases.
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In the case of downregulated genes, we identified several chaper-
ones (FNP_1258, LSEI_1114, and SMT1004) as well as proteins in-
volved in cell wall metabolism (FNP_1142, FNP_2257, and
SMT0064) or membrane-associated proteins (SMT0714, SMT1191,
and SMT1192).

As mentioned above, the addition of periodontal pathogens to
the biofilm increased the number of upregulated genes. When we
compared biofilm versus planktonic phase in the healthy commu-
nity, the total of upregulated ORFs was 97, but when we did the
same comparison after adding the pathogens the number of up-
regulated ORFs was 962. While in the case of downregulated
ORFs, the opposite is true: 675 ORFs where downregulated in the
healthy biofilm and only 89 were downregulated in the presence of
the pathogens.

In the case of genes that were specifically upregulated in
healthy biofilm but not in the pathogenic biofilm (see Table S2 in
the supplemental material), most ORFs were hypothetical pro-
teins but also ORFs predicted to encode transporters (FNP_0336,
FNP_0337, FNP_0622, FNP_1222, FNP_1291, and LSEI_0065)
and transcriptional regulators (FNP_0988, FNP_1409,
LSEI_2120, and LSEI_2242). More telling was the pattern of
downregulated genes (see Table S2). There was a large number
of downregulated chaperones in all organisms present in the
community (FNP_1256, FNP_1259, LSEI_0687, LSEI_2800,
LSEI_0636, SMT0648, SMT1009, SMT0281, SMT0282, SMT1007,
SMT1005, HMPREF1035_1494, HMPREF1035_1496, and
HMPREF1035_0031) as well as putative cell division proteins
such as FtsZ or FtsA (FNP_1635, FNP_0784, SMT2115,
SMT2113, SMT2129, SMT2124, SMT2104, SMT2112, SMT2114,
SMT1522, SMT2135, SMT1523, and HMPREF1035_1084). Addi-
tionally, phosphotransferase system (PTS) proteins in both Lacto-
bacillus casei and Streptococcus mitis were highly downregulated
(LSEI_2700, LSEI_0370, LSEI_2073, SMT1148, SMT0181,
SMT1149, SMT1765, and SMT0182).

In the pathogenic biofilm, we were able to identify large groups
of proteins with related functions given the larger number of genes
upregulated (see Table S3 in the supplemental material). Looking
only at genes that were exclusively upregulated in the pathogenic
biofilm, the most upregulated ORFs for A. naeslundii (128-fold
overexpression or more) were all putative molecular chaperones
such as DnaK, ClpB, ClpC, or LAC ORF (ANA_2043, ANA_2044,
ANA_1739, and ANA_2020). In the case of F. nucleatum, most
upregulated ORFs were hypothetical proteins, 79 out of 150 pro-
teins had no known function.

Lactobacillus casei presented a large number of ABC-type trans-
port systems upregulated, most of them related to peptide transport
(LSEI_1344, LSEI_2063, LSEI_1892, LSEI_0175, LSEI_1207,
LSEI_2446, LSEI_2447, LSEI_1261, LSEI_1345, LSEI_2628, LSEI_0308,
LSEI_0991, LSEI_0999, LSEI_0704, LSEI_0022, LSEI_1814, and
LSEI_2466), and also a large number of putative transposases
(LSEI_0237, LSEI_0361, LSEI_1068, LSEI_1333, LSEI_1509,
LSEI_1842, LSEI_2461, and LSEI_0347), even one from L. casei plas-
mid (LSEI_A09).

We found a similar pattern in the specific upregulated genes of
S. mitis in the pathogenic biofilm: ABC transporters (SMT1856,
SMT1393, SMT1052, SMT0394, SMT0604, SMT1308, SMT1460,
SMT1392, SMT0080, and SMT1570) and phosphate (SMT1432
and SMT1431) and sugar (SMT1424, SMT1871, SMT1746, and
SMT1844) ABC transporters were highly upregulated, as well as
transposases (SMT0439, SMT0520, SMT0689, SMT1941,

SMT0994, SMT0820, SMT0821, and SMT1123). Mur ligase fam-
ily proteins (SMT2108, SMT2116, SMT2125, and SMT2130),
which are involved in peptidoglycan biosynthesis, were also up-
regulated.

Finally, in V. parvula, the presence of pathogens upregulated a
large number of hypothetical proteins but also proteins that have
been associated with virulence in other organisms such as hemag-
glutinins (HMPREF1035_0018 and HMPREF1035_0017), Hep/
Hag repeat protein (HMPREF1035_0731, HMPREF1035_0445,
HMPREF1035_0440, HMPREF1035_0447, HMPREF1035_0441,
HMPREF1035_0442, and HMPREF1035_0034) and transcrip-
tional regulators of the MarR family (HMPREF1035_0560).

In the case of downregulated proteins, after adding the patho-
gens, we did not see any clear pattern in the function of the ORFs.
Only in the case of F. nucleatum, most of the downregulated ORFs
were annotated as hypothetical proteins (FNP_0147, FNP_0149,
FNP_0151, FNP_1776, FNP_2364, FNP_0529, and FNP_1367).

Differences in gene expression of the periodontal pathogens
under planktonic and biofilm conditions. Differences of gene
expression in the periodontopathogens themselves comparing the
planktonic fraction against the fraction attached to the biofilm
were also analyzed (see Fig. S3 and Table S4 in the supplemental
material). One striking observation was that A. actinomycetem-
comitans had no downregulated genes that we could observe and a
large number of upregulated genes in the biofilm phase: 355 ORFs
were upregulated more than 8-fold in the biofilm phase compared
to the planktonic phase (see Table S3). A large number were ribo-
somal proteins (AA01067, AA00362, AA00565, AA01228,
AA01236, AA00361, AA01368, AA02039, AA02880, AA01229,
AA02099, and AA00369). Two of the more upregulated ORFs
have putative functions related to pathogenesis or cytotoxicity in
other organisms. AA00777, a soluble lytic murein transglycosylase
that was 256-fold upregulated, has homology with a soluble lytic
murein transglycosylase in Neisseria that is involved in cytotoxin
production (14), while AA01976, a colicin V production protein
that was 168-fold upregulated, has homology with proteins in-
volved in the production of virulence factors in Escherichia coli (7).
As in the case of A. naeslundii, in the presence of the pathogens, we
found an overexpression of molecular chaperones such as Hsp60,
Hsp70, and DnaJ in the biofilm (AA01284, AA00657, and
AA01057).

Contrary to the large number of overexpressed genes in A.
actinomycetemcomitans, in the case of P. gingivalis, we observed
overexpression of only 26 ORFs in the biofilm fraction, most of
them being hypothetical proteins (see Table S3 in the supplemen-
tal material). A large number of proteins were downregulated (193
ORFs), but as in the case of the upregulated ORFs, most of them
were annotated as hypothetical proteins.

COGs functional categories and gene set enrichment analy-
sis. In another set of analysis, we proceed to determine sets of
genes or metabolic pathways that were upregulated in the biofilm
compared to the planktonic phase. In this case, we do not focus on
individual genes from individual organisms but on whole meta-
bolic pathways or activities from the whole microbial communi-
ties to obtain an overall picture of the metabolic changes in the
biofilms. Similarly to what we observed with ORFs and IGRs,
COGs categories were overexpressed in the presence of the peri-
odontopathogens (Fig. 2). Only one group of functional catego-
ries was downregulated in the presence of the pathogens: [QC] for
secondary-metabolite biosynthesis, transport and catabolism, and
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energy production and conversion; as though in the presence of
pathogens all the members of the community stopped the produc-
tion of secondary metabolites and focus their effort in other tasks.
In contrast, upregulated functional categories in the presence of
pathogens seem to be involved primarily in growth and division
(Fig. 2).

On a second set of analysis, we selected sets of genes based on
the KEGG orthology and used PAGE (33) to identify sets of genes
that were enriched or depleted, with statistical significance, in the
biofilms in relation to free-living bacteria and between healthy
and pathogenic biofilms.

Table 4 presents a summary of the results of PAGE analysis on
healthy and pathogenic biofilm gene expression profiles. As in the
case of individual genes, the expression profiles of healthy and
pathogenic biofilms were very different. The number of signifi-
cant gene sets was larger for downregulated than for upregulated
genes. Some of the gene sets had only a few genes (e.g., linoleic acid
metabolism, bisphenol A degradation, etc.), while certain gene

sets were represented by a large number of genes (e.g., ABC trans-
porters, nitrogen metabolism, fructose and mannose metabolism,
etc.). The gene sets defined as photosynthesis or photosynthesis
proteins also comprised genes involved in the respiratory chain
and vitamin metabolism. In fact, the upregulated genes were the
different subunits (a, b, c) of the ATP synthase complex and the
cobaltochelatase gene (cobN), which is involved in the biosynthe-
sis of coenzyme B12.

There was an agreement between patterns of expression based
on PAGE results and just looking at groups of genes being up- or
downregulated. For instance, as mentioned above, we found a
large number of downregulated genes in the healthy biofilm that
were identified as chaperones and we showed by PAGE analysis
that the gene set ko03110 chaperones and folding catalysts, with
30 genes, was significantly downregulated (P value � 0.02) (Table
4). A large number of genes identified as members of PTS were
downregulated in L. casei and S. mitis, and the gene set ko02060
PTS was also identified as significantly downregulated in the

FIG 2 Summary of COGs functional categories in the biofilms. The plot shows the log 10 values for the ratio of frequencies of the different functional categories
based on the COGs classification. Only the categories with a higher ratio than 10 are labeled. (a) Ratio of the frequencies of biofilm/biofilm � pathogens, shows
the functional categories overrepresented in the biofilm without the pathogens. (b) Ratio of the frequencies of biofilm � pathogens/biofilm, shows the functional
categories overrepresented in the biofilm with the pathogens. In red, we show the categories with a ratio higher than 10. [QC], secondary metabolites biosynthesis,
transport and catabolism, and energy production and conversion; [CE], energy production and conversion and amino acid transport and metabolism; [EG],
amino acid transport and metabolism and carbohydrate transport and metabolism; [EM], amino acid transport and metabolism and cell wall/membrane/
envelope biogenesis; [HE], coenzyme transport and metabolism and amino acid transport and metabolism; [MJ], cell wall/membrane/envelope biogenesis and
translation, ribosomal structure and biogenesis; [OT], posttranslational modification, protein turnover, chaperones and signal transduction mechanisms.
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TABLE 4 PAGE comparing biofilm versus planktonic phasea

Biofilm Gene set Z score Fold change No. of genes P value

Upregulated
Healthy ko00195 photosynthesis 1.918 0.994 8 0.055

ko00194 photosynthesis proteins 1.918 0.994 8 0.055
ko02010 ABC transporters 1.761 0.269 92 0.078
ko00630 glyoxylate and dicarboxylate metabolism 1.684 0.582 18 0.092
ko01001 protein kinases 1.662 0.559 19 0.096

Pathogenic ko02020 two-component system 3.328 0.619 77 0.001
ko00940 phenyl propanoid biosynthesis 2.251 2.121 3 0.024
ko02022 two-component system 2.124 0.517 45 0.034
ko03000 transcription factors 2.040 0.375 79 0.041
ko00910 nitrogen metabolism 2.038 0.513 42 0.042
ko00591 linoleic acid metabolism 1.991 2.297 2 0.047
ko00363 bisphenol A degradation 1.991 2.297 2 0.047
ko00633 trinitrotoluene degradation 1.920 1.567 4 0.055
ko02060 PTS 1.890 0.465 44 0.059

Downregulated
Healthy ko00520 amino sugar and nucleotide sugar metabolism �3.663 �0.849 40 0

ko00010 glycolysis/gluconeogenesis �4.072 �1.039 33 0
ko03440 homologous recombination �3.178 �1.042 20 0.001
ko00980 metabolism of xenobiotics by cytochrome P450 �3.287 �3.407 2 0.001
ko02060 PTS �3.479 �0.787 42 0.001
ko00982 drug metabolism-cytochrome P450 �3.139 �4.601 1 0.002
ko00604 glycosphingolipid biosynthesis-ganglio series �2.933 �4.299 1 0.003
ko00531 glycosaminoglycan degradation �2.933 �4.299 1 0.003
ko00641 3-chloroacrylic acid degradation �2.994 �2.194 4 0.003
ko00500 starch and sucrose metabolism �2.812 �0.765 29 0.005
ko00511 other glycan degradation �2.84 �1.574 7 0.005
ko00071 fatty acid metabolism �2.759 �1.43 8 0.006
ko03030 DNA replication �2.704 �0.991 16 0.007
ko00624 1- and 2-methyl naphthalene degradation �2.594 �1.437 7 0.009
ko00061 fatty acid biosynthesis �2.531 �1.071 12 0.011
ko00550 peptidoglycan biosynthesis �2.439 �0.688 27 0.015
ko00740 riboflavin metabolism �2.347 �1.216 8 0.019

Biofilm ko03110 chaperones and folding catalysts �2.311 �0.619 30 0.021
ko00281 geraniol degradation �2.315 �1.959 3 0.021
ko00650 butanoate metabolism �2.222 �0.627 27 0.026
ko03018 RNA degradation �2.187 �0.857 14 0.029
ko00903 limonene and pinene degradation �2.155 �1.58 4 0.031
ko00930 caprolactam degradation �2.022 �2.964 1 0.043
ko00830 retinol metabolism �1.964 �2.036 2 0.049
ko00240 pyrimidine metabolism �1.931 �0.396 51 0.053
ko00072 synthesis and degradation of ketone bodies �1.814 �1.329 4 0.07
ko03032 DNA replication proteins �1.797 �0.466 32 0.072
ko00051 fructose and mannose metabolism �1.786 �0.449 34 0.074
ko02040 flagellar assembly �1.769 �2.593 1 0.077
ko00970 aminoacyl-tRNA biosynthesis �1.7 �0.455 30 0.089
ko00900 terpenoid backbone biosynthesis �1.689 �0.554 20 0.091

Pathogenic ko00240 pyrimidine metabolism �4.135 �0.91 55 0
ko03012 translation factors �4.708 �2.131 13 0
ko03011 ribosome �6.072 �1.349 54 0
ko03010 ribosome �6.072 �1.349 54 0
ko00230 purine metabolism �3.23 �0.613 74 0.001
ko03020 RNA-polymerase �3.014 �1.555 10 0.003
ko00710 carbon fixation in photosynthetic organisms �2.85 �0.992 22 0.004
ko00523 polyketide sugar unit biosynthesis �2.657 �2.168 4 0.008
ko00970 aminoacyl-tRNA biosynthesis �2.548 �0.747 31 0.011
ko03430 mismatch repair �2.558 �0.89 22 0.011
ko03400 DNA repair and recombination proteins �2.297 �0.402 87 0.022
ko00520 amino sugar and nucleotide sugar metabolism �2.299 �0.559 45 0.022
ko01002 peptidases �1.926 �0.39 65 0.054
ko03018 RNA degradation �1.879 �0.767 16 0.06
ko00983 drug metabolism, other enzymes �1.829 �0.944 10 0.067
ko00521 streptomycin biosynthesis �1.765 �1.018 8 0.078
ko00740 riboflavin metabolism �1.679 �0.913 9 0.093
ko00790 folate biosynthesis �1.661 �0.752 13 0.097

a Gene sets are based on the KEGG orthology. Results show gene sets that were significantly upregulated in the biofilm fraction in relation to the planktonic fraction. “ko” numbers
shown in the table correspond to KEGG metabolic pathways.
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healthy biofilm (Table 4). In contrast with these results, the same
ko02060 PTS gene set was significantly upregulated in the pres-
ence of the pathogens.

Prediction of potential interactions between IGRs and the
ORFs in the bacterial genomes. After identifying upregulated
IGRs in the biofilms, we predicted the possible interactions be-
tween those and the ORFs in the genomes of the bacteria used in
the experiments. To this end, we used IntaRNA, a program that
predicts accurately interactions between two RNA molecules. The
interactions are predicted by an energy-based approach that is
based on the unfolding and hybridization energies and that a seed
region is required to initiate the RNA-RNA interaction (9).

First, IGRs upregulated more than 8-fold in the biofilm versus
planktonic phase were selected to be used as potential small non-
coding RNAs against their corresponding genomes as predicted
targets. Only interactions with energy values below �15 kcal/mol
were considered in the analysis. In the case of upregulated IGRs
that were present in both biofilms (healthy and pathogenic), 3
mRNA-predicted targets were identified as upregulated in both
biofilms: ANA_1497, a DNA-directed RNA polymerase beta sub-
unit (rpoB); ANA_1963, a 65-K antigen mbaA (GROEL2); and
ANA_1419, alpha-2-oxoglutarate dehydrogenase (sucA). Like-
wise, we identified 3 IGRs whose predicted targets were down-
regulated in both biofilms: SMT0815, a triosephosphate isomer-
ase; SMT1004, a chaperonin of 60 kDa; and SMT1249, ribosomal
protein S2 (Table 3).

Table S5 in the supplemental material summarizes the pre-
dicted target ORFs that were also identified as differentially ex-
pressed in the ORF libraries. There were more potential predicted
target genes identified, but we focused only on the ones that as-
suredly presented differences in expression in the biofilm commu-
nity. A large number of predicted targets agreed with the ORFs
identified as downregulated in S. mitis, with 35 predicted targets
that are most likely regulated by the small noncoding RNAs up-
regulated in our libraries. The pathogenic biofilm had less pre-
dicted targets that appeared also in the differentially expressed
ORFs, only 4 for the upregulated genes and 3 for the downregu-
lated (see Table S5). In the case of V. parvula, we found predicted
IGRs that targeted HMPREF1035_0440 and HMPREF1035_0441,
two Hep/Hag repeat proteins that in other organisms have been
linked to virulence (72). These proteins were upregulated; there-
fore, the small noncoding RNAs were stabilizing the transcripts.
The Hep/Hag domain is a seven-residue repeat that makes up the
majority of the sequence of a family of bacterial hemagglutinins
and invasins (42).

DISCUSSION

Multispecies biofilm models of dental plaque have been widely
used for studying the dynamics of attachment and colonization of
bacteria on different surfaces (23, 70, 74). Expression profiles of
oral monospecies biofilms have also been widely studied to assess
profiles of expression of oral pathogens under different environ-
mental conditions (66, 67, 77, 78). However, studies on the pro-
files of expression of oral organisms in multispecies biofilm mod-
els are still limited (40). The use of metatranscriptomic analysis of
biofilm models opens a complete new set of possibilities for study-
ing gene expression profiles of whole microbial communities, fa-
cilitating the discovery of genes or groups of genes of importance
under different environmental conditions.

In this study, we identified transcripts of ORFs and IGRs that

are associated with the biofilm community in a healthy biofilm
model as well as on the effect that two important periodontal
pathogens (A. actinomycetemcomitans and P. gingivalis) (24) have
on a healthy biofilm. Metatranscriptome results can be evaluated
at different levels of complexity, starting by comparing gene ex-
pression at the level of individual genes and going up to compar-
isons of gene sets (groups of genes with similar functions or cell
localizations) that belong to defined gene orthologues (e.g., COGs
or KEGG orthology).

We found a higher growth rate of the organisms in the biofilm
than in the planktonic phase. The planktonic phase reached an
extremely high number of cells, whose only explanation may be
the high initial number of cells in the inoculum or the fact that
multispecies communities of oral bacteria grow better than iso-
lated species (60). Nonetheless, doubling times in the planktonic
phase were in agreement with previous estimation of doubling
times for oral bacteria (5, 15). Calculations for doubling time on
the biofilm considered that, at time zero, there were 0 bacteria
attached to the hydroxyapatite surface, which could overestimate
the rate of growth but will give a good assessment of whether the
addition of pathogens had any effect on the overall growth of the
biofilm. Moreover, initial attachment cannot be distinguished
from growth in the initial stages of biofilm formation, hence the
short doubling time of the pathogens in the biofilm. Furthermore,
we observed the presence of a large planktonic population that
may influence biofilm gene expression profiles by depleting nutri-
ents, limiting exposure of the biofilm to certain environmental
stresses and altering the concentration of quorum-sensing mole-
cules to which the biofilms are exposed. With these limitations in
mind, we proceed to analyze expression profiles in biofilm and
planktonic phases from our experiments.

The existence of differences in gene expression between the
free-living and biofilm components of a monospecies biofilm of
oral bacteria is well established (47, 68, 69). When looking at the
list of genes overexpressed in the healthy biofilm in relation to the
planktonic phase, certain ORFs that have been previously associ-
ated with biofilm formation were identified. In a proteomic study
of A. naeslundii surface proteins, Paddick et al. showed that
groEL2 was significantly upregulated in biofilm-grown cells (57).
F. nucleatum showed a large number of upregulated genes in the
biofilm. Two of them were putative transposases, which have been
shown as being expressed in vivo by F. nucleatum (43). Similarly,
homologues of the most highly expressed gene in V. parvula, a
LysR substrate binding domain protein, has been associated in
biofilm formation in other bacteria. Mutants of this gene in Burk-
holderia cenocepacia exhibit absence of extracellular matrix and
reduced biofilm formation (56). L. casei showed a high number of
hypothetical proteins as being overexpressed. Two of the highly
expressed proteins in L. casei are associated with biotin metabo-
lism, probably linked to lipid production, and interestingly, we
observed two ORFs that have been annotated as pseudogenes as
being highly upregulated in the biofilm. These genes were also
upregulated in the presence of the pathogens added to the biofilm,
which indicates their importance in biofilm formation under
most environmental conditions.

Regardless of the few similarities observed in the expression of
specific genes in the individual bacteria, compared with previous
studies, the general rule is that most of the upregulated genes in
the multispecies biofilm seem not to be upregulated in monospe-
cies biofilms of the same organisms (64, 65, 74, 75). This could be
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due to the different growth conditions but also could be the result
of the interactions between the organisms in the community.
More interesting were the results of the downregulated ORFs in
the healthy biofilm. Looking at the specific genes downregulated
in the healthy biofilm but not in the pathogenic biofilm, we iden-
tified a large number of chaperones from all organisms in the
biofilm, which can indicate a low level of stress in the system.

The most surprising finding was observing that the presence of
the periodontal pathogens P. gingivitis and A. actinomycetemcomi-
tans in a multispecies biofilm model alters dramatically the
patterns of gene expression of the healthy community biofilm, and
this is not due to changes in growth rates. We have shown that
generation times on the biofilms were similar for the different
bacteria independent of the presence of periodontopathogens in
the community. Wen et al. have obtained similar results growing
S. mutans in a dual-species biofilm model and studying expression
of selected genes by RT-qPCR (76). The presence of another or-
ganism in the biofilm altered biofilm formation and expression of
virulence factors in S. mutans, and those changes were specific
depending on the cocultivated organism used. For instance, luxS
in S. mutans was downregulated in the presence of either Strepto-
coccus oralis or L. casei, but nothing happened in the presence of
Streptococcus sanguinis (76). Recently, Hajishengallis et al. have
shown that P. gingivalis even at low colonization levels changes the
amount and composition of the commensal community (25).

In the healthy biofilm, most upregulated ORFs were hypothet-
ical proteins, transporters and transcriptional regulators, which
have also been observed in microarray analyses of monospecies
biofilms of Streptococcus mutans (68) and P. gingivalis (47). When
the pathogens were added, a more complex picture arose. We
identified again a large number of hypothetical proteins being
upregulated, but there were specific features not seen in the
healthy biofilm alone. Putative molecular chaperones were highly
upregulated in A. naeslundii. In one recent study, groEL/groES
chaperones were induced in an S. mutans biofilm in the presence
of starch (35). Similarly, Acinetobacter baumannii needs the chap-
erone CsuA to form biofilms on plastic (51). Moreover, contrary
to what was observed in the healthy biofilm, there was no down-
regulation of any group of chaperones. This switch from a meta-
transcriptome where chaperones are downregulated to one where
they are upregulated may be the result of stress due to the presence
of the pathogenic newcomers to the system.

ABC transporters were upregulated in L. casei and S. mitis,
which is a common observation in studies on oral monospecies
biofilms (35, 68, 77, 78). More interesting was the fact that in
Lactobacillus casei and Streptococcus mitis there were a large num-
ber of putative transposases upregulated in the pathogenic bio-
film. This phenomenon has also been observed in a biofilm of
Treponema denticola, another important periodontal pathogen
(53). In that study, the authors observed an upregulation of a
family of putative transposases, concluding that there is a higher
potential for genetic mobility in T. denticola when growing as a
biofilm. Whether this genetic mobility in the multispecies biofilms
is intraspecies or interspecies has yet to be proven. Additionally,
there was an upregulation of genes encoding several putative vir-
ulence factors in V. parvula, which was also observed by Mitchell
et al. in their work on T. denticola biofilm expression profiles (53).

When looking at the expression profiles of the periodontal
pathogens, in P. gingivalis, most up- and downregulated ORFs
encoded hypothetical proteins, which agrees with a similar mi-

croarray study on P. gingivalis W50, where the largest fraction of
up- and downregulated genes during biofilm growth encoded hy-
pothetical proteins (47). In the case of A. actinomycetemcomitans,
we did not identify any ORFs as downregulated based on the cut-
off values used in this work. The most upregulated ORFs were
similar to genes encoding virulence factors of proteins with cyto-
toxic activity in other organisms: a soluble lytic murein transgly-
cosylase (14) and a colicin V production protein (7). A. actinomy-
cetemcomitans also showed upregulation of putative molecular
chaperones in the biofilm.

The whole community can be viewed as a “metaorganism,”
and in this case, we should consider its metatranscriptome as a
unity, looking at various functional categories that are differen-
tially expressed under different environmental conditions. The
analysis of COGs showed an increase in the number of different
COGs upregulated in the biofilm when pathogens were added.
This finding is consistent with the observation of higher expres-
sion of different genes when pathogens are present.

Expression of genes involved in secondary-metabolite produc-
tion, such as polyketide antibiotics or bacteriocins (see Table S3 in
the supplemental material), is suppressed when the pathogens are
added, and it has been shown that interference of secondary me-
tabolites suppress biofilm formation in other systems (17). Al-
though we do not know the mechanism by which this happens, the
fact that this functional category is downregulated in the presence
of pathogens could partially explain why there is a significant in-
crease in biomass that could not be attributed to the addition of
new nutrients.

The COGs functional categories upregulated in the presence of
pathogens fundamentally agreed with the conclusions presented
above. COGs associated with transport ([EM], [HE], [EG], [CE])
were upregulated, as well as functional categories associated with
cell growth and division ([MJ]). Interestingly, one of the func-
tional categories upregulated corresponds to chaperones ([OT]).

Gene set enrichment analysis has been widely used to analyze
microarray data sets by focusing on gene sets, that is, groups of
genes that share common biological functions, chromosomal lo-
cations, or regulations, rather than focusing on individual genes
(32, 71, 72). We defined our gene sets on the KEGG pathways
definitions and applied a modified gene set enrichment analysis
method based on a parametric statistical analysis model (33). Us-
ing this approach, we identified sets of genes that were enriched or
depleted in the healthy and pathogenic biofilms. The “two-com-
ponent system” sets of the pathogenic biofilm (ko02020 and
ko02022) presented the largest number of genes and shared fea-
tures of the “protein kinases” in the healthy biofilm. Two-compo-
nent signal transduction systems play an important role in biofilm
formation in monospecies biofilms (44, 47).

One of the clearly defining gene sets of the pathogenic biofilm
was the “nitrogen metabolism” set, with genes from A. naeslundii,
F. nucleatum, L. casei, V. parvula, and A. actinomycetemcomitans.
P. gingivalis is a well-known proteolytic organism that is capable of
liberating amino acids from the proteins in the medium and
makes them available for uptake by other species present in the
biofilm. Gharbia et al. demonstrated that the capacity of hydro-
lyzing by Fusobacterium spp. increases by 30% in the presence of P.
gingivalis (20).

Glutamine synthetase, an enzyme catalyzing formation of glu-
tamine from glutamate and ammonium ion, is one of the most
important enzymes in nitrogen metabolism. This enzyme has
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been shown to play a key role in biofilm formation in Mycobacte-
rium bovis (13). Moreover, the loss of this enzyme in Bacillus sub-
tilis did not decrease growth or cellular motility but had dramatic
effects on biofilm formation (12). Finally, the gene set PTS, which
is related to the use of different sugars, was also upregulated dur-
ing biofilm formation in the pathogenic biofilm. In Vibrio chol-
erae, the phosphoenolpyruvate phosphotransferase system is es-
sential for biofilm formation (27, 28). As the PTS is highly
conserved among bacteria, it may be relevant to a number of bio-
film-forming organisms. Accordingly, PTS was one of the signif-
icantly downregulated gene sets in the healthy biofilm according
to the PAGE analysis. The glycolysis/gluconeogenesis gene set was
also significantly downregulated in the healthy biofilm. Down-
regulation of glycolytic genes in biofilms has also been observed in
S. mutans (62).

Finally, we attempted to link the expression profiles of IGRs
with the changes in metabolic activity observed based on the ORF
patterns of expression. Small noncoding RNAs transcribed in the
IGRs of the prokaryotic genomes play an important role in me-
tabolism regulation (11), and they can act as regulators of gene
expression in all prokaryotes in which they have been studied.
They are often defined as noncoding transcripts that act in trans to
control the translation or stability of their target mRNA (11, 46).
However, recent reports show that they could act in a significantly
different way: in cis-acting chromosomally encoded antisense
small noncoding RNAs or even as regulatory and translated RNAs
(4, 46). Our working hypothesis is that we could shed light on the
role of small noncoding RNA in the regulation ORFs identified as
being differentially expressed in our experiments. Moreover, we
could select for potential roles of small noncoding RNAs in a tar-
geted manner based on the metatranscriptomic results. We iden-
tified IGRs whose targets were genes that were differentially ex-
pressed according to the ORF libraries. These results indicate the
potential importance of those IGRs on the transcriptional regula-
tion of the mRNA for those genes. Furthermore, in several cases,
more than one single IGR had those mRNAs as targets, which
suggests the importance of small noncoding RNAs in the regula-
tion of such targets. When IGRs had targets that were downregu-
lated they probably had to do with facilitating the degradation of
those mRNAs, while in the case of upregulated proteins, the small
noncoding RNAs are probably stabilizing the mRNAs. Even when
we could not find a direct link between the IGRs and ORFs in our
libraries, the targets agreed with the general results from the func-
tional orthologues analyzed. For instance, we found that COGs
related to secondary metabolism were overexpressed in healthy
versus pathogenic biofilm. Targets found for the IGRs in the
pathogenic biofilm contained a large number of genes related to
the production of bacteriocins in L. casei (LSEI_2375, LSEI_2374,
and LSEI_2381).

In the present work, we have shown that the addition of peri-
odontal pathogens to a healthy biofilm multispecies model has a
drastic effect in changing the gene expression profiles of the or-
ganisms present in the healthy community. Moreover, we have
shown that using metatranscriptomic analysis, changes in gene
expression profiles can be accurately evaluated, focusing either on
changes at the gene level or treating the whole community as a
“metacommunity” and analyzing the transcriptome as a whole
and identifying potential important small noncoding RNAs in-
volved in the regulation of important genes.
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